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This paper gives a brief overview of the present and expected future limits on physics
beyond the Standard Model (SM) from neutron beta decay, which is described by two
parameters only within the SM. Since more than two observables are accessible, the
problem is over-determined. Thus, precise measurements of correlations in neutron decay
can be used to study the SM as well to search for evidence of possible extensions to it.
Of particular interest in this context are the search for right-handed currents or for
scalar and tensor interactions. Precision measurements of neutron decay observables
address important open questions of particle physics and cosmology, and are generally
complementary to direct searches for new physics beyond the SM in high-energy physics.
Free neutron decay is therefore a very active field, with a number of new measurements
underway worldwide. We present the impact of recent developments.
Keywords: Standard Model; Scalar and tensor interactions; Right-handed currents; Neu-
tron beta decay; Neutrino mass; Neutrinoless double beta decay
1. Introduction
Neutron decay, n → peνe, is the simplest nuclear beta decay, well described as a
purely left-handed, V−A interaction within the framework of the Standard Model of
elementary particles and fields. Thanks to its highly precise theoretical description,1
neutron beta decay data can lead to limits on certain extensions to the SM.
Neutron decay experiments provide one of the most sensitive means for determin-
ing the weak vector (LVGFVud) and axial-vector (LAGFVud) coupling constants,
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and the element Vud of the Cabibbo–Kobayashi–Maskawa (CKM) quark-mixing ma-
trix. Extracted Vud, along with Vus and Vub from K-meson and B-meson decays,
respectively, test the unitarity of the CKM matrix. GF is the Fermi weak coupling
constant, evaluated from the muon lifetime.2 The value of LV is important for test-
ing the conserved vector current (CVC) hypothesis. The size of the weak coupling
constants is important for applications in cosmology (e.g., primordial nucleosynthe-
sis), astronomy (e.g., solar cycle, neutron star formation), and particle physics (e.g.,
neutrino detectors, neutrino scattering).3–5
In the SM, the CVC hypothesis requires LV = 1 for zero momentum transfer.
Therefore, neutron beta decay is described by two parameters only, λ = LA/LV
and Vud. The neutron lifetime τn is inversely proportional to G
2
F |Vud|2(1 + 3|λ|2).
Hence, independent measurements of τn and of an observable sensitive to λ, allow
the determination of Vud. The value of λ can be determined from several inde-
pendent neutron decay observables, introduced in Sec. 2. Each observable brings a
different sensitivity to non-SM physics, such that comparing the various values of
λ provides an important test of the validity of the SM. Of particular interest is the
search for scalar and tensor interactions, discussed in Secs. 4.1 and 4.2. These in-
teractions can be caused, e.g., by leptoquarks or charged Higgs bosons.6 In Sec. 4.3
we discuss a particular kind of V+A interactions, the manifest left-right symmetric
(MLRS) models, with the SU(2)L × SU(2)R × U(1)B−L gauge group and right-
handed charged current, approximately realized with a minimal Higgs sector.
2. Measurable parameters of neutron decay
The matrix elementM describing neutron beta decay can be constructed as a four-
fermion interaction composed of hadronic and leptonic matrix elements. Assuming
that vector (V ), axial-vector (A), scalar (S), and tensor (T ) currents are involved,
the decay matrix element can be written as a sum of left-handed and right-handed
matrix elements:
M = 2GFVud√
2
∑
j∈{V,A,S,T}
Lj〈p|Γj |n〉〈e−|Γj 1− γ5
2
|νe〉+Rj〈p|Γj |n〉〈e−|Γj 1 + γ5
2
|νe〉.
(1)
The four types of currents are defined by the operators:
ΓV = γµ, ΓA = iγµγ5, ΓS = 1, and ΓT =
i[γµ, γν ]
2
√
2
. (2)
The coupling constants to left-handed (LH) and right-handed (RH) neutrinos are
denoted by Lj and Rj , respectively. This parametrization was introduced in Ref. 7
in order to highlight the handedness of the neutrino in the participating V,A, S, T
currents. The Lj and Rj coupling constants are linear combinations of the coupling
constants, Cj and C
′
j , that were defined in earlier work:
8
Cj =
GFVud√
2
(Lj +Rj), C
′
j =
GFVud√
2
(Lj −Rj), for j = V,A, S, T. (3)
June 25, 2018 18:0 Accepted for publication in World Scientific
3
We neglect effects of time-reversal violation, i.e., we consider the above 8 cou-
plings to be real.
In neutron decay experiments the outgoing spins are usually not observed. Sum-
ming over these spin quantities, and neglecting the neutrino masses, one can evaluate
the triple differential decay rate to be:9
d3Γ =
1
(2pi)5
G2F |Vud|2
2
peEe (E0 − Ee)2 dEedΩedΩν
×ξ
[
1 + a
pe · pν
EeEν
+ b
me
Ee
+ sn
(
A
pe
Ee
+B
pν
Eν
+ . . .
)]
, (4)
where pe, pν , Ee, and Eν are the electron (neutrino) momenta and total energies,
respectively, E0 is the maximum electron total energy, me the electron mass, sn the
neutron spin, and the Ωi denote solid angles. Quantities a, A, and B are the angular
correlation coefficients, while b is the Fierz interference term. The latter, and the
neutrino-electron correlation a, are measurable in decays of unpolarized neutrons,
while the A and B, the beta and neutrino asymmetry parameters, respectively,
require polarized neutrons. The dependence of a, b, A, and B on the coupling
constants Lj and Rj is described in Ref. 7. We mention that in the presence of LH
S and T couplings B depends on the electron energy: B = B0 + bν
me
Ee
, where bν is
another Fierz-like parameter, similar to b.7,9 We note that a, A, and B0 are sensitive
to non-SM couplings only in second order, while b and bν depend in first order on
LS and LT . A non-zero b would indicate the existence of LH S and T interactions.
Another observable is C, the proton asymmetry relative to the neutron spin.
Observables related to the proton do not appear in Eq. (4). However, the proton is
kinematically coupled to the other decay products. The connection between C and
the coupling constants Lj and Rj is given in Refs. 7 and 10.
We also use the ratio of the Ft0+→0+ values in superallowed Fermi (SAF) decays
to the equivalent quantity in neutron decay, Ftn:
rFt =
Ft0+→0+
Ftn =
Ft0+→0+
fnt(1 + δ′R)
=
Ft0+→0+
fR ln (2)τn
, (5)
where fn = 1.6887 is a statistical phase-space factor.1 The nucleus-dependent
(outer) radiative correction δ′R, and O(α2) corrections,11–13 change fn by ∼ 1.5 %
to fR = 1.71385(34)
a. The corrections implicitly assume the validity of the V−A
theory.15 The dependence of rFt on coupling constants Lj and Rj is given in Ref. 7.
An electrically charged gauge boson outside the SM is generically denoted W ′.
The most attractive candidate for W ′ is the WR gauge boson associated with the
left-right symmetric models,16,17 which seek to provide a spontaneous origin for
parity violation in weak interactions. WL and WR may mix due to spontaneous
aThe most recently published value of fR = 1.71335(15)
14 used fn = 1.6886, and did not include
the corrections by Marciano and Sirlin.12 Applying the Towner and Hardy prescription for splitting
the radiative corrections13 increases the uncertainty in fR slightly, to reproduce Eq. (18) in Ref. 12.
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symmetry breaking. The physical mass eigenstates are denoted as
W1 = WL cos ζ +WR sin ζ, and W2 = −WL sin ζ +WR cos ζ, (6)
where W1 is the familiar W boson, and ζ is the mixing angle between the two mass
eigenstates. In the MLRS model, there are only three free parameters, the mass
ratio δ = m21/m
2
2, ζ, and λ
′, while m1,2 denote the masses of W1,2, respectively.
Since LV = 1 (CVC) and LS = LT = RS = RT = 0, the coupling constants LA,
RV , and RA depend on δ, ζ, and λ
′ as described in Refs. 7,18. The dependence of
a, A, B, C, and τn on δ, ζ, and λ
′ follows from their respective dependence on LV ,
LA, RV , and RA.
3. Experimental Data
We present results of least-squares fits, using recent experimental data as well as
target uncertainties for planned experiments on neutron decay. The principle of non-
linear χ2 minimization is discussed, e.g., in Ref. 19. Figures 1–6 show the present
and expected future limits from neutron decay, respectively. The confidence regions
in 2 dimensions, or confidence intervals in 1 dimension, are defined as in Ref. 20.
We first analyze the presently available data on neutron decay. As input for our
study we used: a = −0.103(4) and B = 0.9807(30) (both from Ref. 2), as well as
Ft0+→0+ = 3071.81(83) s as the average value for SAF decays (from Ref. 21). We
used our own averages for τn and A, as follows.
The most recent result of Serebrov et al.22, τn = 878.5(8) s, is not included
in the PDG 2008 average. We prefer not to exclude this measurement without
being convinced that it is wrong, and include it in our average to obtain τn =
(881.8±1.4) s. Our average includes a scale factor of 2.5, as we obtain χ2 = 45 for 7
degrees of freedom. The statistical probability for such a high χ2 is 1.5×10−7. If our
average were the true value of the neutron lifetime τn, both the result of Serebrov
et al. and the PDG average would be wrong at the 2− 3σ level.
Two beta asymmetry experiments have completed their analyses since the PDG
2008 review. The UCNA collaboration has published A = −0.1138(46)(21).23 The
last PERKEO II run has yielded a preliminary value of A = −0.1198(5).24 We
include these new results in our average, and obtain A = −0.1186(9), which includes
a scale factor of 2.3 based on χ2 = 28 for 5 degrees of freedom. The statistical
probability for such a high χ2 is 5× 10−5, not much better than in the case of τn.
Hence, we find that the relative errors are about 4 % in a, 1 % in A, and 0.3 %
in B. We will not use C = −0.2377(26)2 in the analysis of present results, since the
PERKEO II results for B and C are derived from the same data set.b
bWe note that a recent experiment25 measured the neutron spin–electron spin correlation N in
neutron decay. N is the coefficient of an additional term (+Nsnse), which appears in Eq. (4) if
the electron spin is detected. The N parameter depends linearly on S, T couplings. We disregard
the result, as it lacks the precision to have an impact on our analysis.
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About a dozen new instruments are currently planned or under construction.
For recent reviews see Refs. 3,26. We will discuss a future scenario which assumes
the following improvements in precision in a couple of years.
• ∆a/a = 0.1 %: Measurements of the neutrino-electron correlation coefficient a
with the aSPECT27,28, aCORN29, Nab30, and PERC experiments are projected
or underway.
• ∆b = 3 × 10−3: The first ever measurement of the Fierz interference term b in
neutron decay is planned by the Nab collaboration.30 In addition, the UCNb31
and PERC collaborations are exploring measurements of b.
• ∆A/A = 3 × 10−4: Measurements of the beta asymmetry parameter A with
PERKEO III32, UCNA33, abBA34, and PERC35 are either planned or underway.
• ∆B/B = 0.1 %: The abBA34 and UCNB36 collaborations intend to measure the
neutrino asymmetry parameter B. PERC is also exploring a measurement of B.
• ∆C/C = 0.1 %: The aSPECT37 and PANDA38 collaborations plan measurements
of the proton asymmetry parameter C; PERC may follow suit as well.
• ∆τn = 0.8 s: Measurements of the neutron lifetime τn with beam experiments39,40,
material bottles41,42, and magnetic storage experiments43–47 are planned or un-
derway.
Our assumptions about future uncertainties for a, A, B, and C reflect the goal
accuracies in the proposals, while for τn we only assume the present discrepancy
to be resolved. Our assumed ∆τn corresponds to the best uncertainty claimed in a
previous experiment.22
Our scenario “future limits” assumes that the SM holds and connects the dif-
ferent observables. We used a = −0.10588, b = 0, B = 0.98728, C = −0.23875, and
τn = 882.2 s derived from A = −0.1186 and Ft0+→0+ = 3071.81 s. These values
agree with the present measurements within 2σ.
4. Searches for physics beyond the Standard Model
Our fits are not conclusive if all 8 coupling constants Lj and Rj , for j = V,A, S, T ,
are treated as free parameters. We are more interested in restricted analyses pre-
sented below. Experiments quote a, A, B, and C after applying (small) theoretical
corrections for recoil and radiative effects; we neglect any dependence on non-SM
physics in these corrections.
4.1. Left-handed S, T currents
Addition of LH S, T currents to the SM leaves LV = 1, LA = λ, LS , and LT as the
non-vanishing parameters. Non-zero Fierz interference terms b and bν appear in this
model; the direct determination of b through beta spectrum shape measurement is
the most sensitive way to constrain the size of the non-SM currents. The experiments
discussed above measure the correlation coefficients from the electron spectra and
asymmetries, respectively. The published results on a, A, B, and C assume b = bν =
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0. To make use of measured values of a in a scenario involving a non-zero value for
the Fierz term b, we rewrite Eq. (4) for unpolarized neutron decay:
d3Γ ∝
(
1 + a
pe · pν
EeEν
+ b
me
Ee
)
≈ (1 + bme 〈E−1e 〉)
(
1 +
a
1 + bme
〈
E−1e
〉 pe · pν
EeEν
)
.
(7)
The value quoted for a is then taken as a measurement of a¯, defined through
a¯ =
a
1 + bme
〈
E−1e
〉 , (8)
where 〈·〉 denotes the weighted average over the part of the beta spectrum observed
in the particular experiment. This procedure has been also applied in Refs. 7,21,48.
Reported experimental values of A, B, and C are interpreted as measurements of
A¯ =
A
1 + bme
〈
E−1e
〉 , B¯ = B0 + bνme 〈E−1e 〉
1 + bme
〈
E−1e
〉 , C¯ = −xC(A+B0)− x′Cbν
1 + bme
〈
E−1e
〉 , (9)
where xC = 0.27484 and x
′
C = 0.1978 are kinematical factors, assuming integration
over all electrons.c This procedure is not perfect. The presence of a Fierz term b
might influence systematic uncertainties. For example, the background estimate in
PERKEO II assumes the SM dependence of the measured count rate asymmetry on
Ee. The term me
〈
E−1e
〉
depends on the part of the electron spectrum used in each
experiment. We have used the following values in our study: me
〈
E−1e
〉
= 0.5393 for
A¯, dominated by PERKEO II49, me
〈
E−1e
〉
= 0.6108 for B¯, dominated by Serebrov
et al.50,51 and PERKEO II52, and the mean value me
〈
E−1e
〉
= 0.6556, taken over
the whole beta spectrum, for a¯ and C¯.
Figure 1 shows the current limits from neutron decay. Free parameters λ, LS/LV ,
and LT /LA were fitted to the observables a, b, A, B, and C. Unlike Secs. 4.2 and 4.3,
here we omit the neutron lifetime τn, since otherwise we would have to determine
the possible influence of the Fierz term in Fermi decays, bF, on the Ft0+→0+ values.
A combined analysis of neutron and SAF beta decays will be published soon.
Figure 2 presents the impact of projected measurements in our future scenario.
For comparison, a recent combined analysis of nuclear and neutron physics data (see
Ref. 48) finds LS/LV = 0.0013(13) and LT /LA = 0.0036(33), with 1σ statistical
errors. It includes the determination of the Fierz term bF from superallowed beta
decays, updated in Ref. 21, which sets a limit on LS that is hard to improve with
neutron decay alone. As in the recent survey of Severijns et al.,48 we do not include
the limits on tensor couplings obtained53 from a measurement of the Fierz term bGT
in the forbidden Gamow-Teller decay of 22Na, due to its large log ft(=7.5) value.
Neutron decay has the potential to improve the best remaining nuclear limit on LT
as provided by a measurement of the longitudinal polarization of positrons emitted
cNote that we define C with the opposite sign compared to Ref. 7 to adhere to the convention
that a positive asymmetry indicates that more particles are emitted in the direction of spin.
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Fig. 1. Present limits from neutron decay
(only a, A, and B). The SM values are
at the origin of the plot. Analogous limits
extracted from muon decays are indicated.
Other limits are discussed in the text. All
bars correspond to single parameter limits.
Fig. 2. Future limits from neutron decay,
assuming improved and independent mea-
surements of a, b, A, B, and C. Analogous
limits extracted from muon decays are not
indicated since they exceed the scale of the
plot.
by polarized 107In nuclei (log ft = 5.6).54,55 Limits from neutron decay are indepen-
dent of nuclear structure. The stringent limit on LT in Ref. 48 stems mainly from
measurements of τn and B in neutron decay. New neutron decay experiments alone
could lead to an accuracy of ∆(LT /LA) = 0.0023, competitive with the combined
analysis of neutron and nuclear physics data,48 and ∆(LS/LV ) = 0.0083, both at
the 1σ confidence level. Supersymmetric (SUSY) contributions to the SM can be
discovered at this level of precision, as discussed in Ref. 56.
4.2. Right-handed S, T currents
Adding the RH S and T currents to the SM yields LV = 1, LA = λ, RS , and RT
as the remaining non-zero parameters. The observables depend only quadratically
on RS and RT , i.e., the possible limits are less sensitive than those obtained for
LH S, T currents. Figure 3 shows the present limits from neutron decay. A similar
analysis of this scenario was recently published in Ref. 57.
Free parameters λ, RS/LV , and RT /LA were fitted to the observables a, A, B,
C, and τn. Additionally, to take into account uncertainties in the Ft values and in
radiative corrections, we fitted Ft0+→0+ and fR to ‘data points’ 3071.81(83) s and
1.71385(34), respectively.
The Fierz interference terms b and bν are zero in this model. Hence, measure-
ments of b (or bF in SAF beta decays) can invalidate the model, but not determine its
parameters. Figure 4 shows the projected improvement in our future scenario. The
grey ellipse stems from a recent survey of the state of the art in nuclear and neutron
beta decays.48 New neutron decay experiments alone could considerably improve the
limits on RH S and T currents, to ∆(RS/LV ) = 0.0275 and ∆(RT /LA) = 0.0173.
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Fig. 3. Current limits from a, A, B, and
τn in neutron decay. The SM prediction is
at plot origin. As a comparison, we show
limits from a survey of nuclear and neutron
beta decays,48 and limits from muon decays
and neutrino mass measurements. The grey
ellipse is the present 86.5 % contour from
Ref. 48. The muon limit on RS/LV is larger
than the scale of the plot.
Fig. 4. Future limits from neutron decay,
assuming improved measurements of a, A,
B, C, and τn. The grey ellipse is the present
86.5 % contour from a recent survey of nu-
clear and neutron beta decays.48 Analogous
tensor limits from muon decays are also
shown—the scalar limits are larger than the
scale of the plot (details in text).
4.3. Right-handed W bosons
Adding RH V and A currents to the SM leaves δ, ζ, and λ′ as the non-vanishing pa-
rameters. Figure 5 shows the current limits from neutron decay. The fit parameters
δ, ζ, λ′, Ft0+→0+ , and fR, were fitted to the observables discussed in Sec. 4.2.
Fig. 5. Current limits from a, A, B, and τn
in neutron decay. The SM prediction is at
plot origin. As a comparison, we show anal-
ogous limits from muon decays58,59, lepton
scattering (deep inelastic ν-hadron, ν-e scat-
tering and e-hadron interactions)60, and a
direct search at D061.
Fig. 6. Projected future limits from neu-
tron decay, assuming improved measure-
ments of a, A, B, C, and τn. The value of
|Vud| from superallowed 0+ → 0+ nuclear
beta decays was used to set a limit on ζ, as-
suming that the CKM matrix for LH quarks
is strictly unitary (see Ref. 21).
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Measurements of the polarized observables, i.e., the electron, neutrino, or proton
asymmetries, lead to important restrictions, but are at present inferior to limits on
the mixing angle ζ from µ decays.59 They are also inferior to limits on the mass m2
from direct searches for extra W bosons.2 Comparison of beta decay limits with high
energy data is possible in our minimal MLRS model. For example, the comparison
with W ′ searches at Tevatron61 assumes a RH CKM matrix identical to the LH one
and identical couplings. In more general scenarios the limits are complementary to
each other since they probe different combinations of the RH parameters.62
Figure 6 shows the improvement from planned measurements in our future sce-
nario. The χ2 minimization converges to a single minimum at mass m2 =∞; with
χ2 = 0, i.e., the mixing angle ζ is not defined at this minimum. The 68.3 % C.L. is
δ < 0.0196 which yields m2 > 574 GeV. In the mass range > 1 TeV, not excluded
by collider experiments, we would improve the limit on ζ from µ decays slightly.
We emphasize that all presented RH coupling limits (RS , RT , δ, and ζ) assume
that the RH (Majorana) neutrinos are light (m 1 MeV). The RH interactions are
kinematically weakened by the masses of the predominantly RH neutrinos, if these
masses are not much smaller than the electron endpoint energy in neutron decay
(782 keV). If both the W boson and neutrino left-right mixing angles were zero, and
if the RH neutrino masses were above 782 keV, RH corrections to neutron decay
observables would be completely absent.
In summary, new physics may be within reach of precision measurements in
neutron beta decay in the near future.
5. Limits from other measurements
5.1. Constraints from muon and pion decays
Muon decay provides arguably the theoretically cleanest limits on non-(V−A) weak
interaction couplings.2,63 Muon decay involves operators that are different from the
ones encountered in neutron, and generally hadronic, decays. However, in certain
models (e.g., the SUSY extensions discussed in Ref. 56, or in the MLRS), the muon
and neutron decay derived limits become comparable.64 In order to illustrate the
relative sensitivities of the muon and neutron sectors, we have attempted to translate
the muon limits from Refs. 2 and 63 into corresponding neutron observables such
as LS/LV , LT /LA, and RT /RA. In doing so we neglected possible differences in
SUSY contributions to muon and quark decays, making the comparison merely
illustrative. These limits are plotted in Figs. 1–6, as appropriate, showing that
neutron decay measurements at their current and projected future sensitivity are
not only complementary, but also competitive to the muon sector.
Limits similar to the ones discussed in Sec. 5 can be extracted from pion decays
(added complexity of heavier meson decays limits their sensitivity). The presence
of a tensor interaction would manifest itself in both the Fierz interference term
in beta decays (e.g., of the neutron) and in a non-zero value of the tensor form
factor for the pion. The latter was hinted at for well over a decade, but was recently
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found to be constrained to −5.2× 10−4 < FT < 4.0× 10−4 with 90 % C.L.65 While
values for b in neutron decay and for the pion FT are not directly comparable, in
certain simple scenarios they would be of the same order.66 Thus, finding a non-zero
value for b in neutron decay at the level of O(10−3) would be extremely interesting.
Similarly, the pi → eν decay (pie2) offers a very sensitive means to study non-
(V−A) weak couplings, primarily through a pseudoscalar term in the amplitude.
Alternatively, pie2 decay provides the most sensitive test of lepton universality. Thus,
new measurements in neutron decay would complement the results of precision
experiments in the pion sector, such as PIBETA67 and PEN68.
5.2. RH coupling constraints from 0ν double β decay, and mν
The most natural mechanism of neutrinoless (0ν) double beta decay is through
virtual electron neutrino exchange between the two neutron decay vertices. The LH
and RH νe may mix with mass eigenstate Majorana neutrinos Ni:
69
νeL =
6∑
i=1
Uei
1− γ5
2
Ni, and νeR =
6∑
i=1
Vei
1 + γ5
2
Ni, (10)
where Uei and Vei denote elements of the LH and RH mixing matrices, respectively.
The neutrinoless double beta decay amplitude with the virtual neutrino prop-
agator has two parts.70 If the SM LH V−A coupling combines with LH coupling
terms (LL interference), the amplitude contribution is proportional to the Majorana
neutrino masses (weighted with the U2ei factors). Since from neutrino oscillations we
have rather small lower limits for these masses (40 meV for the heaviest LH neu-
trino71), we get only weak constraints for the non-SM LH couplings. On the other
hand, if the SM LH V−A coupling combines with RH non-SM terms (LR interfer-
ence), the amplitude is proportional to the virtual neutrino momentum (instead of
the neutrino mass); since the momentum can be quite large we get constraints for
the RH non-SM couplings. The latter part of the 0ν double beta decay amplitude is
proportional to the effective RH couplings R˜j = Rjε, for j = V,A, S, T , where
69,72
ε =
6∑
i=1
(light)UeiVei, where “light” implies mi < 10 MeV. (11)
According to Ref. 69 there are three different scenarios:
D: all neutrinos are light Dirac particles =⇒ no constraints for non-SM couplings
because ε = 0.
M-I: all neutrinos are light (< 1 MeV) Majorana particles =⇒ no constraints for
non-SM couplings, because ε = 0 from orthogonality condition.
M-II: both light (<MeV) and heavy (>GeV) Majorana neutrinos exist =⇒ con-
straints for non-SM couplings: ε 6= 0, because heavy neutrinos are missing
from the sum; ε is on the order of the unknown, likely small, mixing angle
θLR between LH and RH neutrinos.
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In the M-II scenario there are stringent constraints for the effective RH V,A, S, T
couplings: |R˜j | < 10−8.70 These effective couplings are proportional to ε ∼ θLR.69,72
Since ε depends on specific neutrino mixing models, it is not possible to give model
independent limits for the Rj couplings based on 0ν double β decay data. We have
already mentioned in Sec. 4.3 that for the heavy RH (Majorana) neutrinos the
RH observables in neutron decay are kinematically weakened or for special cases
completely suppressed.
Assuming 1 TeV effective RH neutrino mass scale within M-II, one obtains |ζ| <
4.7×10−3 andm2 > 1.1 TeV.72 For a larger RH neutrino mass scale these constraints
become weaker.
In Ref. 73 it is argued that neutrinoless double beta decay occurs in nature. If
further experiments confirm this observation, one can be sure that the neutrinos
are Majorana particles.
The RH couplings can contribute to neutrino mass through loop effects, leading
to constraints on the RH coupling constants from neutrino mass limits.74 Using the
absolute neutrino mass limit m(νe) < 2.2 eV from the Troitsk and Mainz tritium
decay experiments,75,76 one obtains the 1σ limits: |RS | < 0.01, |RT | < 0.1, and
|RV−RA| < 0.1. With them(νe) < 0.22 eV model dependent limit from cosmology77
(similar neutrino mass limit is expected from the KATRIN experiment78), the above
coupling constant limits become 10 times more restrictive. An intermediate neutrino
mass upper limit of order 0.5− 0.6 eV comes from neutrinoless double beta decay73
and from other cosmology analysis79.
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